Viruses are extremely abundant in seawater, and are believed to be significant 16 pathogens to photosynthetic protists (microalgae). Recently several novel RNA viruses 17 were found to infect marine photosynthetic protists, one of them is HcRNAV which 18
INTRODUCTION 40
Viruses are extremely abundant in seawater (29) and are considered to play a 41 major role as pathogens of marine primary producers photosynthetic protists 42 (microalgae). Algal viruses were previously assumed to consist almost entirely of 43 double-stranded DNA viruses that belong to the family Phycodnaviridae (28). However, 44 recent investigations revealed previously unknown RNA viruses also infect marine 45 photosynthetic protists. HaRNAV (15, 30) and RsRNAV (25) are positive-sense 46
single-stranded RNA viruses that infect toxic-bloom forming microalga Heterosigma 47
Bio-Rad Biolistic PDS-1000/He Particle Delivery System (Bio-Rad Laboratories, 125
Hercules, CA). The 0.6 µm-gold particles (Bio-Rad Laboratories) were coated with 126 viral RNA as described below. HcRNAV virions were purified using the method as 127 described previously (32). Viral RNA was isolated and purified using an RNeasy Plant 128
Mini Kit (Qiagen, Hilden, Germany). The RNA concentration was determined 129 spectrophotometrically, and its integrity was verified using 1.5 % denaturing agarose gel 130 electrophoresis. Viral RNA (1.5 µg) was precipitated onto the gold particles (1.5 mg) by 131 adding a 1/10 volume of 5 M ammonium acetate and 2 volumes of 2-propanol. The 132 suspension was gently mixed and chilled at -20˚C for 1 h. After a quick centrifugation 133 (2000 ×g for 3 s), the supernatant was discarded and the gold pellet was washed twice 134 with 140 µl of 99.5% ethanol and re-suspended in 24 µl 99.5% ethanol. Six-µl was 135 fixed on a macro carrier and dried. 136
Exponentially growing H. circularisquama cells (2.5 × 10 6 cells) were 137 collected for particle bombardment on a quantitative filter paper No.3 (47 mm in 138 diameter) (Advantec, Tokyo, Japan) using gravity filtration. The filter paper was set at 139 approximately 6 cm below the microcarrier launch assembly and bombarded with the 140 viral RNA-coated gold particles at a rupture pressure of 1350 psi in a vacuum of 28.5 141 inches Hg. After bombardment the filter paper was placed in fresh SWM3 medium (50 142 ml) and gently shaken to release transfected cells. The culture was incubated as 143 described above. A 1.5 ml aliquot was sampled from the cell suspension immediately 144 after transfection (0 h), and at 24 h and 48 h post transfection. Cells were pelleted by 145 centrifugation (13000 ×g for 3 min) and stored at -80 ˚C prior to RNA extraction. The 146
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on August 30, 2017 by guest http://jvi.asm.org/ Downloaded from remaining 40 ml culture was sampled 48 h post transfection and centrifuged at 860 ×g 147 for 10 min. The supernatant was filtered through a 0.2 µm-pore-sized polycarbonate 148 membrane filter (Whatman) and used for the cell lysis assay (see below). The remaining 149 cell pellet was fixed with 1% glutaraldehyde at 4˚C and processed for transmission 150 electron microscopy (TEM). Preparation for TEM was performed as described 151 previously (31, 32). 152
153

Northern blot analysis 154
Frozen cells were homogenized with plastic pestles in 100 µl RNase free water and 40 155 µl RNA extraction buffer (14). The aqueous phase was extracted using phenol prior to 156 ethanol precipitation. Northern blot analysis of the purified RNA was performed as 157 previously described (7). Strand-specific digoxigenin (DIG)-labeled RNA probes were 158 transcribed from the plasmid pBSSK+MCP. The plasmid was constructed as follows: a 159 cDNA fragment of HcRNAV34 from nucleotide 3182 to 4261 (containing the full 160 sequence of ORF-2) was amplified using RT-PCR using the following primers: 161 
Cell lysis assay 173
The cell lysis assay was performed as described previously (32). Briefly, an aliquot (100 174 µl) of the 0.2 µm-filtered lysate from the viral RNA-transfected H. circularisquama 175 culture was added to 8-wells of a 96 well round-bottom cell culture plate (Becton 176
Dickinson Labware, Franklin Lakes, NJ) containing 150 µl of an exponentially growing 177 host culture (HU9433-P or HCLG-1) and incubated. Cell lysis was monitored for 10 to 178 14 days using optical microscopy. Cell lysis was defined where >90 % of host cells 179 were lysed. 180
181
RESULTS
182
Viral replication in host cells inoculated with HcRNAV 183
We used HCLG-1 and HU9433-P as representative host strains for HcRNAV109 184 (type CY) and HcRNAV34 (type UA), respectively (30). To determine whether viral 185 genomic RNA can replicate in incompatible host/virus combinations, the accumulation 186 of viral RNA was examined using Northern blot analysis with a (+)-strand specific RNA 187 probe ( Fig. 2A) . In HCLG-1 and HU9433-P cultures respectively inoculated with 188
HcRNAV109 and HcRNAV34, respectively (the compatible combinations), 189 accumulation of viral genomic RNA (4.4kb) was detected at 24, 48 and 72 hpi ( Fig. 2A) . 
To determine whether incompatible H. circularisquama cell is permissive for 209
HcRNAV replication, a direct transfection of viral RNA into H. circularisquama cells 210 was performed using particle bombardment (Fig. 3) . For a negative control, we added 211 viral RNA-coated gold particles and detected no RNA signal corresponding to the 212 virions. In HU9433-P and HCLG-1 transfected respectively with purified genomic RNA 215 of HcRNAV34 and HcRNAV109 (the compatible combinations), RNA corresponding to 216 the complementary strand of genomic RNA (4.4 kb) was observed (Fig. 3) . We also 217 observed complementary strand of genomic RNA (4.4 kb) in incompatible host/virus 218 combinations (i.e. HU9433-P transfected with HcRNAV109 RNA; and HCLG-1 219 transfected with HcRNAV34 RNA) where host cells were transfected with viral RNA 220 using particle bombardment ( (Fig. 4) . 237
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The 0.2 µm filtrate of cell cultures transfected with HcRNAV34 genomic RNA 238 caused lysis of HU9433-P cells but not HCLG-1 cells (Table 1) (Fig. 3) . In addition, infectious progeny virus was produced 252 both in incompatible host/virus combinations (Fig. 4 and Table 1 ). This indicates 253 intraspecies host specificity of HcRNAV is not determined by the viral RNA replication 254 and the encapsidation process. Instead, it is determined by the upstream events; most 255 probably the specific binding of virus to the host cell surface receptor, entry into host 256 The upstream events of non-enveloped RNA viruses are not sufficiently 258 understood except for poliovirus and its relatives (8, 27). Poliovirus infection is initiated 259 when virus particles attach to specific cell-surface receptors (17). Virus-receptor 260 interaction induces irreversible conformational change in the virus capsid (33, 34) and 261 producing a particle with an altered sedimentation property, antigenicity, and sensitivity 262 to proteases. This meta-stable particle further undergoes a secondary conformational 263 change in which the viral RNA is ejected into the cytoplasm (9). However, the factors 264 triggering RNA release are unknown. This receptor-induced conformational change in 265 the viral particle is also proposed for Flock house virus (genus Nodaviridae)(35). Our 266 results suggest specific binding of a virus particle to its corresponding host cell surface 267 receptor may be the primary determinator for intraspecies host specificity of HcRNAV. 268
269
Possible molecular mechanism for intraspecies host specificity of HcRNAV 270
Two remarkable differences were observed between HcRNAV34 and 271
HcRNAV109 genomes at the nucleotide sequence level (20). One is the 15 nucleotide 272
deletion in the HcRNAV34 ORF-1 (Fig. 1) . However, no relationship between this 273 deletion and intraspecies host specificity is predicted (Y. Tomaru. unpublished data). 274
The other difference is the highly frequent nucleotide substitutions in ORF-2 (variable 275 reguion I -IV) that cause amino acid substitutions in the CP (Fig. 1) . A tertiary structure 276 prediction of the CP shows most of the substituted amino acid residues to be located on 277 exterior surface of the virion (20). Therefore, the amino acid substitutions in the CP 278 parvovirus is a host range variant of feline parvovirus that acquired the ability to infect 281 dogs through changes in surface amino acid residues in its capsid protein VP2 (3, 22) . 282
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Furthermore, a single amino acid substitution in the VP2 altered the host cell specificity 283 
Characteristics of HcRNAV replication 302
In this study, we analyzed the accumulation of negative-strand viral RNA as a 303 marker of viral replication. In addition to the genomic length RNA band (4.4kb), an 304 intense RNA band (1.2 kb), and three weak RNA bands (10 kb, 2.6kb and 1.8 kb) were 305 also observed (Fig. 2C and 3) , and corresponding sized RNA species positively reacted 306 with (+)-strand specific probe ( Fig. 2A) . Based on the nucleotide sequence, expected 307 size for ORF2 subgenomic RNA is >1.2 kb. In addition, we have a preliminary data that 308 the (+)-strand 1.2kb band was detected by RNA probe contained ORF2 sequence but 309 not by probe contained ORF1 sequence (H. Mizumoto and K. Nagasaki, unpublished 310 data). It is possible that the 1.2kb-long RNA corresponds to subgenomic RNA for 311
ORF-2. 312
Transcription of the viral subgenomic RNAs is a strategy frequently used by 313 eukaryotic positive-strand RNA viruses. Subgenomic RNA mediates the expression of 314 the 3'-proximal ORF on multicistronic genomic RNA because only the first ORF on the 315 eukaryotic mRNA is translated. Three general mechanisms of subgenomic RNA 316 synthesis are proposed (18). In one of these mechanisms, premature termination occurs 317 during negative-strand synthesis from the genomic RNA template. This results in 318 synthesis of a subgenomic length negative-strand RNA (36), as observed with HcRNAV 319 (Fig. 2C) . In contrast to the accumulation of negative-strand RNAs (Fig. 2C) , intense 320 positive-strand RNA signals except for genomic RNA were not observed ( Fig. 2A) . It 321 may be that subgenomic RNAs corresponding to the accumulated negative-strand 322 (Fig. 3, 4 , and Table 1 ). This indicates all cellular 328 factors essential for HcRNAV replication, transcription, translation and encapsidation 329 are present in both H. circularisquama isolates. However, it should be noted that the 330 RNA accumulation levels differed among host/virus combinations (Fig. 3) . The 331 (+)-strand specific RNA probe used here was synthesized using HcRNAV34 genomic 332 RNA as a template where it hybridized with similar intensity to both of the genomic 333
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RNAs of HcRNAV34 and HcRNAV109 (Fig. 2) 
